Development of pulsed-field gel electrophoresis has permitted separation of intact chromosome-sized DNA molecules from many organisms (for a review see reference 9). For some species, neither traditional genetic mapping nor cytological analysis has been performed, and these organisms are generally in only the early stages of genome organizational analysis. Such an organism is the coccidian parasite Cryptosporidium parvum, which causes diarrheal disease in humans and many other animal species (2) . Neonates and immunocompromised individuals are at particular risk for developing serious and debilitating infections (2) . Recently, we have been analyzing aspects of genomic organization in C. parvum (5) (6) (7) . In this study, we used genes isolated in our previous studies to develop probes specific for the five bands distinguishable when C. parvum chromosomes are separated by electrophoresis. We also report improved resolution, sizing, and quantitation of the chromosomes of C. parvum with contour-clamped homogeneous electric fields (CHEF) and the identification of a lowmolecular-size DNA species possibly corresponding to the 35-kb circular DNA found in other Apicomplexa (3).
MATERIALS AND METHODS
Tissue isolation and DNA preparation. Oocysts of C. parvum (isolate KSU-1) were obtained from the feces of experimentally infected calves as previously reported (14) . Oocysts (1 ϫ 10 9 to 2 ϫ 10 9 ) were allowed to excyst and were embedded in agarose blocks and lysed in situ as described previously (10) .
CHEF gel electrophoresis. Slices of DNA-containing blocks equivalent to 1 ϫ 10 7 to 2 ϫ 10 7 oocysts were loaded onto a 1.0% low-gelling-temperature agarose (Fisher Biotech, Pittsburgh, Pa.) gel made in 0.5ϫ TBE buffer (0.045 M Trisborate, 1 mM EDTA). Electrophoresis was carried out in a CHEF gel apparatus (CBS Scientific, Del Mar, Calif.) at a reorientation angle of 120Њ in 0.5ϫ TBE buffer at 14ЊC for 48 h at 100 V with a switch interval of 200 s (to separate the smallest molecules) or for 60 h at 100 V with a 200-s switch interval followed by 60 h at 100 V with a 300-s switch interval (to separate the large chromosomes). Molecular size standards were naturally occurring Staphylococcus aureus plasmids (isolated by CsCl gradient centrifugation; primarily supercoiled circles with some nicked circles) supplied by John Iandolo, KSU College of Veterinary Medicine, and Saccharomyces cerevisiae chromosomes or bacteriophage lambda DNA monomers or concatemers (Promega Biotec, Madison, Wis.).
Southern analysis and densitometry. Following electrophoresis and staining with ethidium bromide, gels were photographed with Polaroid 665 positive and negative film and soaked in 0.25 M HCl for 60 min, in 0.5 M NaOH-1.5 M NaCl for 60 min, in 0.5 M Tris-HCl (pH 7.0) for 60 min, and then in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 sodium citrate) for 30 min. The DNA was transferred to PhotoGene nylon membranes (GIBCO-BRL, Gaithersburg, Md.) by standard capillary transfer (12) overnight with 10ϫ SSC. After transfer, the DNA was fixed to the filter by UV cross-linking for 3 min and baking at 80ЊC under vacuum for 2 h. The filters were hybridized overnight at 65ЊC in a solution containing 5ϫ SSC, 0.3% sodium dodecyl sulfate, 100 g of boiled calf thymus DNA per ml, and 5ϫ Denhardt's solution by using radioactive probes labeled with 32 P with the Prime-a-Gene kit (Promega Biotec) representing cloned C. parvum genes. Specific probes were (i) genomic clone Cp15/60 (GenBank accession number U22892 [5] ), (ii) an insert encoding protein disulfide isomerase (PDI) (GenBank accession number U48261 [1] ), (iii) a putative glycan synthetase insert (GenBank accession number U77828 [7a] ), (iv) a genomic clone encoding acetyl coenzyme A (acetyl-CoA) synthetase (GenBank accession number U24082 [6] ), and (v) a genomic clone encoding the C. parvum homolog of the cytoplasmic form of Hsp70 (GenBank accession number U11761 [7] ). Filters were washed four times with 4ϫ SSC-0.1% sodium dodecyl sulfate at 60ЊC for 15 min each time, and autoradiography was performed by standard methods (12) . Photographic negatives of ethidium-stained gels were scanned with a personal densitometer, and the images were analyzed with ImageQuant software (both from Molecular Dynamics, Sunnyvale, Calif.).
RESULTS AND DISCUSSION
The chromosomes of C. parvum have been examined in previous studies. Mead et al. (10) , using field inversion gel electrophoresis, found five bands ranging in size from 1.4 to 3. We used CHEF gels and a variety of different electrophoretic profiles until we achieved the results shown in Fig. 1A . Five bands with markedly different intensities are visible. Comparison of these bands to S. cerevisiae size markers gives sizes of 1.54, 1.44, 1.24, 1.08, and 1.04 Mb. Densitometric analysis of the photographic negative (Fig. 1D) shows that the highest and middle bands contain multiple chromosomes; the largest band appears to be a doublet and the middle band a triplet. Based on these data, we calculate the genome of C. parvum to be comprised of eight chromosomes with a total size of about 10.4 Mb. The basis of the difference between the sizes that we determined and those calculated by Hays et al. (4) may be that we used a lower voltage gradient (7.7 versus 10 V/cm) and longer switching intervals (200 and 300 versus 120 and 240 s), both of which contribute to better resolution of molecules greater than 1 Mb (9). The 2.2-Mb chromosome XII band of S. cerevisiae is particularly susceptible to anomalous migration with shorter switching intervals (9) .
We were able to find cloned genes from C. parvum that were specific for the five different bands visualized on CHEF gels. Figure 1B shows the autoradiograms from Southern analysis of the gel hybridized with the five different probes. The highest band hybridized to the Cp15/60 probe (5), the second band to the PDI probe (the lower spot on lane B2 is nonspecific hybridization), the middle band to the glycan synthetase probe, the fourth band to the acetyl-CoA synthetase probe (6) , and the lowest band to the Hsp70 probe (7) . We have previously shown that each of these genes is present as a single copy in the C. parvum genome. Use of such probes under different electrophoresis conditions should help to make a firm identification of the chromosomes of C. parvum. They may also be useful in distinguishing between strains and clinical isolates if there is any plasticity in the genome.
We also noted that electrophoresis for a shorter duration (48 versus 120 h) revealed a low-molecular-size band (Fig. 1C) . Mead et al. (10) reported rapidly migrating material in DNA prepared from aged oocysts or sporozoites not embedded in agarose which probably represented degraded DNA. Similarly, some of the photographs by Hays et al. (4) showed similar material, at least some of which must be degraded DNA, as it hybridized with their probe. We were concerned that the rapidly migrating band shown in Fig. 1C might also be degraded or sheared DNA. To test this, we ran DNA samples from several different oocyst preparations and took extra precautions to avoid degradation during plug preparation and electrophoresis (i.e., autoclaving the running buffer prior to use to destroy nucleases). The rapidly migrating band, which runs at about the same position as monomer DNA from bacteriophage lambda (48.5 kb), was consistently seen in 48-h gels. Furthermore, this band did not hybridize with a cocktail of the five band-specific probes (data not shown), suggesting that it is a unique species and not the product of degradation. Soaking plugs in 50 g of RNase A per ml prior to electrophoresis also did not remove the band (data not shown). This molecule migrates with a mobility similar to that of circular plasmids in the 28-to 32-kb range (Fig. 1C) . Our studies did not allow us to determine whether this molecule is circular or linear, but it is likely to be related to the 35-kb circular DNA, which has sequences seemingly related to plastid DNAs found in Toxoplasma gondii (1a) and Plasmodium spp. (reviewed in reference 3). Further analysis of the low-molecular-size molecule is in progress.
